Background
Introduction
Tuberculosis (TB) remains a major challenge to global public health. [1] In addition to HIV infection, other factors that contribute to susceptibility and progression of TB have not been well defined. [1] It has been suggested that susceptibility to TB is associated with host immune response and could be influenced by environmental and genetic factors or by gene-environment interactions. [2] Vitamin D, an immunomodulatory effector, has been proven to play a critical role in inducing antimycobacterial activity which is accomplished by inhibiting the growth of Mycobacterium tuberculosis (MTB) and up-regulating protective innate host responses. [3, 4] It has been shown that Vitamin D modulates monocyte-macrophage activity by binding to Vitamin D receptors (VDRs), which are responsible for both intracellular replication of MTB and the destruction of MTB by acting as antigen presenting cells (APCs). [5] Previous clinical studies have indicated that "Vitamin D deficiency" is associated with an increased risk of tuberculosis; however, the criteria for "Vitamin D deficiency" differed among these studies. Some of these studies used a concentration of 25 hydroxycholecalciferol (25-(OH)D3) < 50 nmol/L as a cutoff value for Vitamin D deficiency [6] [7] [8] while some other studies used a concentration of 25-(OH)D3 below 25 nmol/L. [9, 10] Some studies also used other criteria, including 30 nmol/L and 62.5 nmol/L in some studies. Meanwhile, although a meta-analysis in 2008 [11] found that low serum Vitamin D levels are associated with a higher risk of active tuberculosis, the exact range of serum Vitamin D for low serum Vitamin D was not defined. Explicit "dangerous" serum Vitamin D should be more practical in clinical and referable for future studies. Furthermore, a number of studies were published during the past six years in this field. Thus, we performed this meta-analysis to further define the precise range of serum Vitamin D that contributes to an increased TB risk. To the best of our knowledge, this is the first meta-analysis to verify serum Vitamin D range posing an increased TB risk.
Methods

Literature Search Strategy
A literature search of EMBASE, Medline, ISI Web of knowledge, and Pubmed up to February, 2015 was conducted. Search terms included tuberculosis, TB, serum Vitamin D, Vitamin D, Vitamin D deficiency and cholecalciferol. After obtaining all searching results, we eliminated unrelated publications by title reading and performed manual searches of citations from these original studies. To avoid replicated data in different publications from the same author or the same researching team, we further checked these remaining articles and none of the included studies were found to contain this problem.
Study selection and Quality evaluation
Studies were included if they meet the following criteria: a) studies must be reported in English and have available full text; b) the organism studied must be Mycobacterium tuberculosis (MTB); c) studies must involve a TB group and a control group, investigate the association between serum Vitamin D concentrations and TB in humans and supply the number of participants in our defined concentration range or quite closing range. Exclusion criteria were: a) reviews or meta-analyses; b) fundamental studies of cells or animal models; c) the studies enrolled patients known to be immunosuppressed (eg, HIV-1 infection, pregnancy, or corticosteroid therapy). No special limitation of age, population or study design was defined in this study.
The Newcastle-Ottawa Scale [12] , a validated technique for assessing the quality of observational and nonrandomized studies, was used to evaluate the quality of these studies. A star system was applied to evaluate studies based on three criteria: participant selection, comparability of study groups, and assessment of outcome or exposure. (S1 Appendix.)
Data Extraction
Two reviewers (Zeng and Wu) independently collected data from each study. Disagreements were resolved by discussion between them and a third author was consulted to obtain a final decision if a consensus could not be reached between them. The following items were extracted from each study: First author, age of both groups, male percentage of both groups, nationality, ethnicity, source of controls, TB diagnosis standards and methods, number of TB patients and controls in different ranges of serum Vitamin D, study design, percentage of participants in each range, body mass index (BMI) in both groups and the treatment status of participants. Some studies offered detailed figures with obtainable data and we retrieved all available information from these figures. All included studies defined serum Vitamin D by 25-(OH)D3, which has been widely accepted as a better indicator of vitamin D status than 1,25(OH)2D3.
[13] Thus, we used 25-(OH)D3 in this study.
Statistical analysis
All statistical analyses were performed using STATA11.0 software (StataCorp, College Station, TX, USA). The strength of association was evaluated by odds ratios (ORs) with corresponding 95% confidence intervals (CIs). All meta-analyses were conducted by using a random-effects model. Heterogeneity among studies was assessed by the χ 2 test and I 2 statistic. [14] Subgroup analyses and meta-regression analyses were conducted. Sensitivity analyses were also conducted to determine whether an individual study affected the summary meta-analysis estimate. Publication bias was examined by Begg's test and Egger's test, and a Begg's funnel plot was acquired. A value of "Pr > |z|" less than 0.05 or a value of "P > |t|" less than 0.05 was considered to be potential publication bias. The PRISMA 2009 Checklist was used for further validation of the meta-analysis.(S1 PRISMA Checklist.)
Results
Characteristics and quality of the Studies
The study selection process is schematically presented in Fig 1. Based on the searching strategy, 3599 results were identified. 40 studies remained for detail reading. 20 potential studies were retrieved for more detailed evaluation. Three [15] [16] [17] of them just provided the data of patients complicated with HIV infection, and the appropriate data could not be extracted from the other two studies [18, 19] . Finally, 15 articles published from 1985 through 2014 were included for further analysis. [6] [7] [8] [9] [10] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] These 15 eligible studies included 1440 cases and 2558 controls. Eight [6] [7] [8] [9] [10] [20] [21] [22] of them only involved Asian participants and two [23, 24] only involved African subjects. Nine [6, 8-10, 20, 22, 23, 25, 26] studies involved adults only, and two [21, 27] studies involved children only. In addition, serum 25(OH)D3 was measured by different methods, including radioimmunoassay [7, 8, 10, 20, 22, 25, 26 28] , chemiluminescence immunoassay [9, 29] , liquid chromatography assay [6, 23] , and Enzyme-Linked Immunosorbent Assay (ELISA) [21] . More detailed characteristics are presented in Table 1 . Because these included studies were observational and nonrandomized, the quality of the primary studies were evaluated by the Newcastle-Ottawa Scale. [12] Five studies received a score of 5, three studies received a score of 6, and seven studies received a score of 7 or 8. Further details regarding the scoring are presented in Table 2 .
Meta-analysis Results
We obtained the number of subjects in the TB and control groups at different concentration ranges to explore the risk of active TB based on Vitamin D levels. Table 3 .
To determine the effect of an individual study on the summary meta-analysis estimate, we performed sensitivity analyses. A significant change was only founded in the analysis of the range of 26-50 nmol/L. (Table 4 ) When removing the study by koo HK [22] , Davies PD[26] or Wejse C[23] , the lower 95% CI varied to be beyond 1.0.
We next conducted the subgroup analyses by design, population, serum Vitamin D analysis method, and source of controls (random healthy population or tuberculosis contact); however, no significant changes in pooled results or heterogeneity were found. Although pooled OR of level 26-50nmol/L was 1.561, the 95%CI cross 1. Two articles included some participants received anti-TB treatment before vitamin D detection in the concentration range. Considerated the possible influence of anti-TB treatment, we conducted subgroup analysis by treatment status. However, in both untreated group and received treatment group, the results showed no statistically significance in the concentration range.(untreated: OR = 1.570, 95%CI: 0.952-2.588, I 2 = 59.3%; included treated: OR = 2.491, 0.244-25.442, I 2 = 79.3%). Meta-regression of publication year and mean age of TB and control group also indicated that none of these factors was a substantial source of heterogeneity. Neither Begg's test nor Egger's test found publication bias in any analysis. These results indicated that a serum Vitamin D concentration 25 nmol/L was associated with a significantly increased risk of active TB while no positive association was found in level 51-75 nmol/L. Although the pooled OR of level 26-50 nmol/L suggested the positive association, the 95% CI implied no statistically significant in this range. It was also indicated that lower serum vitamin D was associated with higher TB risk (pooled ORs: 4.556 vs. 3.797 vs. 1.561 vs. 1.160). Further investigation is needed because of the high degree of heterogeneity and relatively weak robustness. 
Discussion
A total of 15 studies were included in this analysis. This meta-analysis found that a serum Vitamin D concentration 25 nmol/L was associated with a significantly increased risk of active TB while the range 51-75 was not associated with active TB. However, the range 26-50 nmol/L was not statistically associated with active TB. Our meta-analysis confirmed the results of a previous meta-analysis that showed that low serum Vitamin D was a risk for active TB and further verified the precise range of low serum Vitamin D posing high risk of TB. To the best of our knowledge, this is the first meta-analysis providing this range. One recent systematic review reported that mean population-level 25(OH)D3 values varied considerably across the studies (range: 4.9 to 136.2 nmol/L), and more than one-third of the studies reported mean values < 50 nmol/L. [30] In regard to the serum Vitamin D level, a Some of these studies took the cutoff value of 50 nmol/L, [9, 10] while others used the cutoff value of 25 nmol/L [6] [7] [8] . Some other studies used other different and more confusing criteria for the aforementioned concepts. [28, 31] A 2008 meta-analysis, which included seven studies, indicated that a low serum Vitamin D level was associated with increased TB risk. [11] In this study, the author obtained the means and standard deviations of serum Vitamin D levels in patients and controls and obtained an "effect size" of the difference in patients and controls. However, the author did not determine the optimal cutoff point or a range of serum Vitamin D levels indicative of an increased risk of TB. Furthermore, since this meta-analysis was published, a large number of studies were conducted during the following years. Thus, we performed this meta-analysis by evaluating the effect of different ranges of serum Vitamin D on active TB to verify the probable high risk range. Based on our results, serum Vitamin D 25nmol/L should be considered to be a susceptibility factor for active TB and 25nmol/L might be a more appropriate cutoff value in the definition of Vitamin D deficiency in TB. Our results demonstrated lower serum Vitamin D level was associated with higher the risk of active TB. Only serum Vitamin D between 12.5 and 25 nmol/L (95% CI: 1.935-7.405) and 12.5 nmol/L (95% CI: 2.200-9.435) were associated with a significantly increased risk of active TB. However, 51-75 nmol/L (95% CI: 0.708-1.900) was identified as not associated with an increased risk of active TB. Influence analysis and publication bias analysis confirmed that these results were reliable and robust.
It is interesting that serum vitamin D between 26 nmol/L and 50 nmol/L was not statistically associated with an increased risk of TB according to our analysis. Although the pooled OR was 1.561 in the range 26-50 nmol/L, the 95% CI was cross 1.0 (95% CI: 0.997-2.442, P = 0.051). Some original articles included in our study suggested <50nmol/L was the risk level [9, 25, 28] while some made opposite conclusion [6, 10, 20, 22, 23, 26, 27, 29] . Additionally, some prospective studies' results indicated that vitamin D concentration <50nmol/L increased the risk of TB infection. [17, 18] Some explanations might be given to the discrepancy. First of all, factors that impaired the immunity function might influence the determination of the threshold, such as HIV infection. [17] Next, the definition of vitamin D deficiency in Talat et al' study was 50nmol/L, the different concentration (17.5nmol/L and 32.5nmol/L) was used when compared the level of vitamin D in patients progressed to TB and healthy contact. [18] The exact cutoff value might be less than 50nmol/L in the article. Therefore, we confused the accuracy of 50nmol/L as an appropriate cutoff value. We hypothesized that the optimal value might exist in the range between 25-50nmol/L. However, we could not define it according to available data. In this regard, we concluded that the range of serum Vitamin D levels between 25 nmol/L and 50 nmol/L might pose increased risk of TB but needs further investigation.
Vitamin D deficiency has long been accepted to be associated with impaired immunity and increased risk of TB. [32] Many types of immune cells including monocyte, macrophage, and T-lymphocyte have been proven to play a role in MTB resistance. [4, 33, 34] It was shown that that Vitamin D could induce interleukin-1beta (IL-1β) secretion and further modulated paracrine signaling, which reinforced the role of macrophage in innate immune regulation. [35] Another study noted that Vitamin D could improve the coordinated response to MTB of monocytes and T-lymphocytes in frequent MTB exposure but not in active TB patients. [32] Indeed, most of the studies that investigated the Vitamin D treatment for TB indicated that administration of Vitamin D could not improve clinical outcome among patients with TB. [36, 37] It appears that Vitamin D might primarily play a role in preventing a MTB infection from progressing into active TB and but not curing active TB.
Although Vitamin D has been shown to be immunoregulatory, clinical trials of vitamin D treatment in patients with active tuberculosis have got largely negative results. [38, 39] According to our study, pretreatment serum vitamin D might be another explanation besides different dosing regimens. It might be more efficient to apply vitamin D supplementation for prevention and treatment of tuberculosis when serum vitamin D was lower than 25nmol/L. In this sense, our study provided this possible threshold which might determine the possible benefit individuals and make it more practical. Random controlled trials were needed to verify the results.
There are some limitations in this meta-analysis. The main limitation is the relatively high heterogeneity. Except for the analysis of the < 12.5nmol/L group, the I-squared was > 50% in any other analysis. We attempted to verify the possible source of heterogeneity including study design, population, serum Vitamin D analysis method and source of controls; however, no substantial reduction in heterogeneity was found. In addition, vitamin D receptor genetic polymorphism, vitamin D binding protein, BMI and degree of tuberculosis transmission may be confusion factors. But no enough data could be provided to control them. Although the association between VDR genetic polymorphism and susceptible to TB had been studied for several years, the finding was inconclusive. To determine the role of VDR genetic polymorphism in TB infection, more studies in this field needed to be conducted. Although we could not find the significance of treatment status in our subgroup analysis, anti-TB drugs and other drugs would likely to affect the metabolism of vitamin D. Therefore, we cannot ignore the probable influence, we hope more detail record of the drug use could be obtained to further explore. Second, although 15 studies were included in this meta-analysis, we could not use all of these studies in a single analysis of the four ranges because of incomplete data. This might suggest that future studies could provide an adequate number of participants in different ranges in addition to the mean concentration of serum Vitamin D. Lastly, limited by the nature of retrospective study, we could not clear establish the direction of the association.
Despite the limitations, our meta-analysis has some strong points. First, this is the first meta-analysis to analyze the association between active TB and different ranges of serum Vitamin D. Although previous studies have shown that vitamin D deficiency is a risk factor of tuberculosis, the appropriate range of serum Vitamin D which should be considered risky is not consistent. In Our findings suggest that a serum Vitamin D concentration 25 nmol/L could be a certain risk factor for active TB, and the lower serum vitamin D may pose higher risk of active TB. Although the heterogeneity was relatively high, the pooled ORs and corresponding 95% CIs were large enough to provide alarming findings. Second, compared to the previous 2008 meta-analysis, [11] this meta-analysis included a far greater number of studies and participants. This facilitates an increased balance of the weight of each study and increases the robustness of the results.
Conclusions
A serum Vitamin D concentration 25 nmol/L was significantly associated with an increased risk of active TB but the range 51-75 nmol/L was not associated with an increased risk of TB. The range between 26-50nmol/L might pose the active TB risk. Future well-designed, prospective studies are needed to verify these conclusions. 
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